Introduction
In 2016, females aged between 15e24 years in eastern and southern Africa accounted for 26% of the 1.8 million new HIV infections worldwide. The HIV incidence in these girls and women is 44% higher than that in African boys and men of the same age. 1, 2 In view of the evidence that new HIV infections are disproportionately higher among young women than men in sub-Saharan Africa, 3, 4 there is a need to understand the biological factors that increase host susceptibility, and in particular the role of the female genital microbiota that affects mucosal integrity. Normal vaginal microbiota provides host protection against invading pathogens including HIV and other sexually transmitted infections (STI). 5, 6 Commonly, the commensal bacterial species within the vaginal tract are predominantly Lactobacillus species, which play a homeostatic role of maintaining the acidic pH of the vaginal microenvironment through production of lactic acid. 7 Lactic acid is a potent microbicide that can inactivate HIV and herpes simplex virus (HSV) type 2, 8e10 and possibly other sexually transmitted pathogens. Lactobacillus species also competitively exclude genitourinary pathogens from establishing infection. 11, 12 Healthy vaginal microbiota modulates immune responses to invading pathogens 13e15 and contributes to host immunity through the production of factors such as bacteriocins, 16 hydrogen peroxide, and biosurfactants, 17, 18 as illustrated in the Figure. Variations in composition and function of vaginal microbiota can lead to increased susceptibility to infection. 5, 6 For example, Atopobium vaginae infection induced increased production of inflammatory cytokines including interleukin (IL)-1b, IL-6, IL-8, and tumor necrosis factor-a, which may interfere with the innate mucosal barrier function. 13 Other studies have shown that other specific bacterial species associated with bacterial vaginosis (BV), including Gardnerella vaginalis and Prevotella bivia, were strongly associated with vaginal inflammatory cytokines. 19 Similarly, depletion of normal commensal microbiota increases the risk of damage to the vaginal epithelium, which subsequently secretes IL-33, a cytokine that blocks migration of effector T cells to vaginal mucosal tissue, thereby blocking the production of interferon gamma, a major cytokine in mucosal antiviral defense.
14 Therefore, dysbiosis (abnormal microbiota due to derangement in its composition and function) can suppress the local host antiviral defense mechanisms and increase susceptibility to invading viral pathogens.
A better understanding of the effects of physiological variations such as menstruation, pregnancy, and sexual activity on the composition and stability of vaginal microbiota and its effects on mucosal integrity and immune defense could inform innovations to protect susceptible females from infection by sexually transmitted pathogens, including HIV. Alteration in the vaginal bacterial composition may lead to BV, a condition that is microbiologically characterized by lesser abundance of Lactobacillus species and/or overgrowth of anaerobic bacteria. 20, 21 BV is associated with higher HIV acquisition risk 9 and shedding of HIV in cervicovaginal fluids. 22 BV is diagnosed clinically as having 3 of the following criteria: alkaline vaginal pH (pH >4.5), presence of clue cells (sluffed vaginal epithelial cells laden with bacteria), a milky homogenous vaginal discharge, and release of a fishy odor upon addition of 10% potassium hydroxide to cervicovaginal fluid. 23 BVassociated bacteria produce short chain fatty acids (SCFAs) 24,25 that contribute to the increased risk of STIs.
26e28 SCFAs such as acetic and butyric acids at a concentration of 20 mmol/L can increase the secretion of proinflammatory cytokines IL-6, IL-8, and IL-1b. 29 Acetic acid enhances HIV-1 integration in CD4 þ cells, 30 and SCFAs have been implicated in the reactivation of latent HIV through inhibition of histone deacetylases. 31 Prevalence of BV among women in sub-Saharan Africa is approximately 40% 32, 33 and the condition is persistent despite treatment. Differences in the lactobacilli concentrations in the microbiome of African vs non-African women may explain the high abundance of BV observed in African populations.
Numerous obstetric and gynecological complications such as pelvic inflammatory disease and preterm delivery are associated with BV. Women with BV are Clinical Opinion ajog.org twice as likely to acquire Chlamydia trachomatis and Trichomonas vaginalis than women without BV 34 and there is a significant association between HSV-2 and BV. 28, 35, 36 Studies in a Ugandan population of women at high risk of acquiring HIV/STI showed that young age, alcohol use, and the number of previous partners is also associated with a high prevalence of BV. 37 Newer molecular techniques such as high throughput sequencing have aided finer profiling of the vaginal microbiome, although well-characterized data are still limited. Due to the limited deployment of accurate techniques, vaginal bacterial communities in the variable clinical and physiological settings of high-risk women in sub-Saharan Africa are still underexplored. This article highlights specific gaps in knowledge about the female genital tract microbiome in sub-Saharan Africa, home to >70% of the annual new HIV infections among women and 90% of perinatal HIV infections. 2, 11 We also provide insight into the effects of the genital microbiome on host susceptibility to genital infections including HIV. In addition, we review the effect of pregnancy on the genital microbiome and susceptibility to HIV infection, as well as the effect of genital dysbiosis on preexposure prophylaxis and antiretroviral therapy for HIV prevention. Insight from this review could guide strategic development of the much needed biological interventions toward 0 HIV transmission among women in sub-Saharan Africa.
Differences in vaginal microbiota profiles among North American women representing different races and ethnicities Profiling vaginal microbiota has mainly been done in populations in Europe and North America, including the first study to highlight differences in profiles of vaginal microbiota associated with ethnicity/race. This pioneering study, conducted by Ravel and colleagues, 38 described the profile of the vaginal microbiome in 396 healthy, asymptomatic North American women representing 4 racial/ethnic groups: Asian, Black Hispanic, and Caucasian. Vaginal bacteria were characterized by pyrosequencing of the variable regions 1 and 2 of the 16S ribosomal RNA (rRNA) gene. Five distinct microbial communities were identified: community types I, II, III, and V, characterized by predominant populations of L crispatus, L gasseri, L iners, and L jensenii, respectively, and community type IV, which contained a greater diversity of taxa and a predominance of strict anaerobes. 38 Interestingly, L iners and L crispatus were also detected in a majority of the group IV communities. In fact, all communities contained a subpopulation of lactic acideproducing bacteria, indicating that this characteristic is conserved across vaginal community groups irrespective of composition. Prevotella species were detected in 68% of all samples with an abundance of up to 45%. Lactobacillus-dominated communities were found in 90% of Caucasian, 80% of Asian, 65% of Hispanic, and 61% of Black women. Hispanic and Black women had a higher prevalence of BV (Nugent score of 7e10), and a higher vaginal pH than Caucasian and Asian women. Hispanic (34%) and Black (39%) women had a significantly higher prevalence of group IV community vaginal microbiota than did Asian (18%) and Caucasian North American (9%) women. Given that this study was conducted among healthy, asymptomatic women, this study suggests that nonLactobacillus-dominant vaginal microbiota are normal and common in Black and Hispanic women. The variations in vaginal bacterial communities among North American women of various ethnicities and races revealed by this study underscored the need for more research on the composition of vaginal microbiota in women across the globe, and targeted risk assessment and risk management to prevent STIs including HIV in populations of women with high-risk vaginal bacterial community types.
Characteristics of the vaginal microbiota in African women
In a South African cohort of 146 healthy, asymptomatic women aged 18e23 years, Anahtar and colleagues 19 showed that the vaginal microbiota contained fewer Lactobacillus species and a more diverse bacterial profile. Based on sequencing of the variable region 4 of the bacterial 16S rRNA gene, the bacterial communities were grouped into 4 community types (cervicotypes [CT] ). CT1 had a higher abundance of L crispatus; CT2 was dominated by L iners; CT3 had predominantly Gardnerella; and CT4 was a heterogenous group without any dominant species. Prevotella species were detected in all communities, which agrees with the study by Ravel et al, 38 where approximately 70% of the samples had Prevotella species. Only 37% of the participants had a Lactobacillusdominant cervicovaginal community, with 77% of these having CT2, which was dominantly L iners. Among the 63% of women who did not have Lactobacillus dominance, 45% had CT3, which was Gardnerella-dominant community and 55% had the mixed CT4 community. Of the women in CT4, 50% had BV based on their Nugent scores despite being asymptomatic. This study also showed that Prevotella amnii, Mobiluncus mulieris, Sneathia amnii, and S sanguinegens (members of the CT4) elicited a proinflammatory response characterized by elevated levels of IL-1a, IL-1b, and IL-8 from vaginal epithelial cells unlike L crispatus. The high microbial diversity observed in women with CT4 correlated to higher concentrations of inflammatory cytokines and increased numbers of activated cervical CD4 þ T cells highlighting the link between vaginal microbiota diversity and HIVacquisition risk.
In another South African study, Lennard and colleagues 39 described 3 vaginal community groups: CT1, which had Gardnerella, Prevotella, and other anaerobes; CT2, which was lactobacilli (other than L iners) dominant; and CT3, which was L iners dominant. In this cohort of young South African HIVnegative women, only 8% had Gardnerella-dominant microbiota and 40 bacterial taxa were associated with genital inflammation including those previously reported by Anahtar et al. 19 Genital inflammation, high Nugent score, and abundance of BV-associated bacterium-1 were observed in women with a diverse vaginal microbiota.
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However, no difference in number of HIV target cells between women with different vaginal microbiota composition was observed.
To describe the longitudinal changes in diversity of vaginal microbiota and inflammation, Jespers and colleagues 40 quantitated specific vaginal microbiota bacteria and immune mediators in 80 African women over an 8-week period. Among HIV-negative adult women (adolescents and sex workers), vaginal microbiota profiles were relatively stable throughout the 5 visits. L iners was consistently present in 75% of the women and it occurred together with L crispatus in 35% of the women. P bivia and Escherichia coli were present in 90% of the women. Variations in vaginal microbiota bacteria concentrations were more marked within women than between women during the course of the study. Women who were amenorrhoeic (using progestin-injectable contraception) had significantly lower concentrations of Lactobacillus species, especially L crispatus, than women who had a menstrual cycle. Recent sex was also associated with lower concentrations of Lactobacillus species and P bivia. Approximately 50% of the women did not have Candida albicans, L jensenii, or L gasseri at any of the visits. Incident BV was associated with increased concentrations of proinflammatory cytokines.
In a study of 132 HIV-positive Tanzanian women, the Illumina platform (Illumina Inc, San Diego, CA) was used to sequence the variable region 6 of the 16SrRNA gene and microbiota profiles were categorized into 8 clusters: 2 dominated by either L iners or L crispatus and 4 BV-associated profiles, dominated by P bivia or Lachnospiraceae and a mixture of different species. L iners and G vaginalis were detected in all the samples. Interestingly, the Tanzanian women with a BV profile had a high abundance of P bivia, unlike the Caucasian and Black women in North America who had A vaginae and Clostridium species as the dominant species in BV microbiota profiles. 41 P bivia triggers an inflammatory response within the genital tract due to its secretion of lipopolysaccharide (LPS), a potent activator of proinflammatory cytokines 42 thereby increasing the risk of HIV acquisition and transmission. Similarly, A vaginae also elicits an inflammatory response from vaginal epithelial cells through the up-regulation of nuclear factor kappa-light-chain enhancer of activated B cells (NF-kB) transcription factor 6 and increased secretion of chemokines. 13 Both G vaginalis and A vaginae are found in biofilms, which render them resistant to antibiotic treatment and host immune factors. 43 Treatment of BV patients with metronidazole led to a decreased diversity of their vaginal microbiota and increased abundances of L iners. However, antibiotic intervention did not result in a shift from BV-associated profile to a Lactobacillus-dominant profile. This African population also had relatively lower abundance of L crispatus and an absence of L jensenii unlike non-African populations. 38, 44 Table 1 summarizes studies that have examined the relationship between vaginal microbiota and the associated effects on host protection against infections. It is important to note that studies in sub-Saharan Africa differ considerably in terms of patient populations and experimental techniques used to evaluate microbiota; therefore, direct comparisons are limited. Hence there remains a need for well-designed studies to understand the different physiological and clinical contexts contributing to the diversity of vaginal bacterial in African women at high-risk for HIV acquisition.
Vaginal microbiota profiles in Tanzanian HIV-positive women differed from those observed in a cohort of Rwandese female sex workers. Borgdorff and colleagues 45 used phylogenetic microarray to characterize the vaginal microbiome of 174 female sex workers in Rwanda. Results from this study indicated that there were 6 clusters: L crispatus and L iners dominating 2 of the clusters, R-I and R-II, respectively, and 4 clusters that had a high diversity and were dominated by Gardnerella, Atopobium, and Prevotella species. Clusters R-IV and R-VI had the aforementioned anaerobes and L iners. Cluster R-VI had the highest abundance of Prevotella species yet cluster R-III had the least abundance of L iners among the mixed clusters. Most of the samples had lactobacilli, with L iners and L crispatus detected in 74% and 16% of the studied samples. Prevotella, Corynebacterium, and Gardnerella species were also found in >80% of the samples. BV-associated bacteria Atopobium, Sneathia, Mobiluncus, Megasphaera, BV-associated bacterium-1, and Dialister were detected in approximately 50% of the samples though they were in low abundance in the Lactobacillus-dominant bacterial communities. Women in L crispatusdominant cluster R-I were less likely to have HIV, HSV-2, and human papillomavirus than women in other clusters. STI prevalence was highest in women with the mixed anaerobe vaginal microbiota. Among the HIV-positive women, amounts of HIV-1 RNA in cervicovaginal lavage increased with increasing diversity of the vaginal microbiota community. Clusters dominated by L jensenii and L gasseri were not detected in this study; this agrees with the study by Hummelen et al, 41 where there was no community dominated by either species. Both Atopobium and Prevotella species are known to trigger inflammation within the genital tract and alter innate immune responses of vaginal epithelium 13 ; a condition that increases shedding of HIV and risk of STI such as Neisseria gonorrhoeae. In another study conducted at 3 sites in Kenya, Rwanda, and South Africa, the vaginal microbiota among women with an average risk of HIV infection was compared to that of women at high risk of HIV infection. The reference group that was categorized as average-risk HIV group had HIVnegative women who were not pregnant and did not engage in transactional sex or any intravaginal practices. Being a sex worker, being pregnant, or use of intravaginal substances was categorized as high-risk HIV group. Vaginal swabs were collected, and the presence of specific genus and species including Lactobacillus, L crispatus, L iners, L jensenii, L gasseri, L vaginalis, Gadnerella vaginalis, Atopobium vaginae, Prevotella bivia, Escherichia coli, and Candida albicans Clinical Opinion ajog.org ajog.org
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was detected using quantitative polymerase chain reaction. Lactobacillus genus was detected in 80% or more of the study population regardless of pregnancy, use of intravaginal practices, HIV status, or being a sex worker. 46 L iners was the most abundant Lactobacillus species across all groups followed by L crispatus, L jensenii, and L vaginalis. Surprisingly, L jensenii and L gasseri were detected in this African population in contrast with the aforementioned studies by Hummelen et al 41 and Borgdorff and colleagues. 45 Jespers and colleagues 46 showed that L vaginalis and L crispatus were associated with a healthy Nugent score (0e3) among adult nonpregnant, non-sex workers. A high presence of G vaginalis and E coli was observed in sex workers in addition to a low presence of L jensenii. BV is associated with formation of a biofilm by G vaginalis that favors growth of other anaerobes such as P bivia and Atopobium. 47 Therefore, high presence of G vaginalis is a probable indicator of BV. Pregnant women had higher Lactobacillus concentrations (7.01 genome equivalents/mL) relative to nonpregnant HIV-negative women e6.08 genome equivalents/mL. 48 In summary, vaginal microbiota communities in sub-Sahara African women have lesser abundances of Lactobacillus species with lower frequency of L gasseri and L jensenii in comparison to women from other geographical regions. There is also variability between the African populations studied, in particular the taxa that comprise the diverse microbiota profile. The presence of high diversity vaginal microbiota in healthy African women is in agreement with the high prevalence of BV previously determined by Gram staining and Nugent scores. 33 Noteworthy is the fact that the method of assessment could contribute to the variability described; for example, pyrosequencing or the 454 platform makes more errors especially when sequencing 2 identical nucleotides. 49 On the other hand, Illumina technology, eg, the MiSeq platform gives more reads than pyrosequencing allowing for more in-depth sequencing and multiplexing many samples in 1 run. 41 Furthermore, when different bacteria have very similar 16S rRNA variable regions, whole-genome shotgun sequencing gives species-level taxonomic resolution. 50 Variable region 4 of the 16S rRNA gene gives better resolution of BV-associated bacteria yet variable regions 1e3 give better resolution of Lactobacillus species. 39 Differences in sample size, sample collection methods, and laboratory methods may also account for the differences in the vaginal microbiota profiles. Therefore, there is a need for well-designed studies aimed at understanding the inherent differences in genetics, parity, sexual practices, and socioeconomic factors between African and European and/or North American women that should not be disregarded. Available data in sub-Saharan Africa difficult to compare because of variable clinical and physiological characteristics of patients and different experimental methods used; hence need of welldesigned studies to understand specific female populations to inform targeted preventive and therapeutic interventions.
ART, antiretroviral therapy; BV, bacterial vaginosis; BVAB, BVeassociated bacterium; CI, confidence interval; cpn60, chaperonin 60; HPV, human papillomavirus; HSV, herpes simplex virus; IRR, incidence rate ratio; OR, odds ratio; PCR, polymerase chain reaction; rRNA, ribosomal RNA; STI, sexually transmitted infection.
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Vaginal microbiota and risk of HIV transmission Gosmann and colleagues 51 characterized the vaginal microbiota profile of healthy, asymptomatic South African black women aged 18e23 years by sequencing the variable region 4 of the 16S rRNA bacterial gene. Four CT were identified. CT1 was L crispatus dominant with low diversity and was found in 10% of the women. CT2 was L iners dominant and was found in 32% of the women. Collectively, CT3 (n ¼ 68) and CT4 (n ¼ 70) made up the rest of the cervicovaginal bacterial microbiota with CT3 being G vaginalis dominant and CT4 dominated by a bacterial genus other than Lactobacillus or Gardnerella. They reported that individuals with diverse vaginal microbiota dominated by anaerobes except Gardnerella had a 4 times higher risk of HIV acquisition than women with L crispatus-dominated microbiota. Furthermore, women with diverse anaerobe-dominated microbiota had a 17-fold increase in the number of activated CD4
þ T cells in the endocervix, which are primary target cells for HIV infection, and increased secretion of chemokines macrophage inflammatory protein-1beta (MIP-1b) and MIP-1a, which attract C-C chemokine receptor 5 (CCR5)-expressing cells. HIV infection is established via viral replication in CCR5 þ CD4 þ T cells at the mucosa. 52 These data imply that diverse vaginal microbiota increases risk of HIV acquisition through increased activation and trafficking of HIV target cells. L crispatus and L iners were associated with lower levels of inflammation, as illustrated in the Figure. Diverse vaginal microbiota profiles have also been associated with an increased risk of mother-to-child HIV transmission. Among pregnant women in Burkina Faso, vaginal microbiota of HIV-positive women whose babies were infected with HIV antepartum had twice the abundance of G vaginalis and Actinobacteria than those that did not transmit HIV. 53 About half (30 out of 64) of the women in the study had Lactobacillus-dominant microbiota: 77% L iners, 11% L crispatus, 3.9% L fornicalis, 3.2% L gasseri, and 0.5% L vaginalis.
Vaginal microbial profile and HIV pathogenesis Diverse vaginal microbiota profiles are associated with BV 38, 43 and are typically composed of higher abundances of anaerobic bacteria such as G vaginalis, A vaginae, P bivia, Mobiluncus, and lesser concentrations of Lactobacillus species. 20 It has been postulated that vaginal microbiota mediates increased risk of HIV acquisition through: (1) degradation of the epithelial barrier, (2) activation of inflammatory responses, (3) decrease in antimicrobial factors, and (4) increased activation of HIV target cells, as illustrated in the Figure. The abundance of G vaginalis increases with increase in the Nugent score and BVpositive status. Due to its secretion of adhesins, G vaginalis forms a biofilm on the epithelial surface in the cervicovaginal tract 43 and provides a conducive environment for anaerobic bacteria such as A vaginae and BV-associated bacterium-1 to flourish. Persistent and recurrent BV has been attributed to the biofilm that facilitates evasion of microbes from both host immune factors and antibiotics. 47 Recurrent BV leads to chronic inflammation, which is a driver of increased HIV risk. G vaginalis also produces vaginolysin, a pore-forming toxin that lyses vaginal epithelial cells and degrades the epithelial barrier.
14 G vaginalis also produces sialidase and prolidase enzymes that degrade mucins and increase the sloughing off of vaginal epithelial cells. 5 The direct damage of vaginal epithelium mediated by G vaginalis increases the risk of HIV acquisition. Shedding of vaginal epithelial cells in women with both HIV and BV could explain the higher HIV viral load in the cervicovaginal fluids of these individuals. Lysates of G vaginalis have also been shown to activate transcription of HIV long terminal repeat and increased NF-aB binding activity. 54 Both A vaginae and P bivia activate inflammatory pathway through the transcription factor NF-kB. 6 A vaginae has been shown to increase secretion of chemokines such as C-C motif chemokine ligand 20 (CCL-20), tumor necrosis factor, 13 Regulated on Activation, Normal T cell Expressed and Secreted (RANTES), 6 and IL-8; 55, 56 and both P bivia and Mobiluncus are associated with increased secretion of proinflammatory cytokines. Infection of vaginal epithelial cells by A vaginae and P bivia elicit increased expression of Mucin-1 (MUC1), MUC3, and MUC4.
13
The inflammatory processes lead to increased frequency, trafficking, and activation of HIV target cells, 5 hence increasing the chances of establishment of infection. Ureaplasma urealyticum, another BV-associated bacteria, produces elastase and IgA protease that degrades the antibodies at the vaginal mucosa, 21 hence lowering host immunity and increasing susceptibility to HIV infection. P bivia and P disiens produce fibrinolysins and collagenase that degrade the mucosa barrier and increase sloughing off of vaginal epithelial cells. 21 On the other hand, Lactobacillus-dominated vaginal bacterial communities have lower levels of IL-1a, IL-1b, and IL-8 in comparison to communities dominated by anaerobic bacteria. 19 This is attributed to the lactic acid produced by the Lactobacillus species, which dampens inflammatory responses associated with increased risk of HIV acquisition. 57 Lactic acid is also virucidal against HIV 58 so a greater abundance of lactobacilli within the vaginal milieu should provide better protection against HIV infection.
Factors contributing to diversity of female genital microbiota Hormonal changes
Vaginal microbiota composition is greatly affected by hormonal changes especially estrogen. Increase in estrogen levels allows greater adherence of lactobacilli to the epithelium of the female genital tract 59 and subsequently a higher stability of the microbiome composition. Vaginal pH and glycogen content also affect the adherence of lactobacilli to the vaginal epithelium. Microbial species present at the vaginal mucosa differ between premenopausal and postmenopausal women. This is ajog.org Clinical Opinion due to the associated drop in estrogen levels during menopause resulting in low amounts of lactobacilli in postmenopausal women. 60, 61 Hormonal replacement therapy leads to an increase in lactobacilli colonization of the vaginal epithelium in postmenopausal women, 62 and is therefore a potential intervention to modify vaginal tract milieu. Spear et al 63 showed that Lactobacillus are not able to utilize glycogen but rely on a-amylase within the vaginal fluids to digest glycogen into maltose, maltotriose, malpentaose, and other smaller polymers to aid its colonization. Pregnancy is associated with a stable microbiome with low alphadiversity and Lactobacillus-dominance 64 that shifts to a BV-associated profile during the postpartum period following a decrease in estrogen ( Table 2 ). The stability of the vaginal microbiota during pregnancy seems to be increased secondary to high secretion of circulating estrogen levels that promote glycogen deposition in vaginal epithelial cells to favor colonization by lactobacilli. On the other hand, it has been observed that there are increases in G vaginalis and L iners while L crispatus and L jensenii concentrations decrease during menses. 65 This can be attributed to the presence of iron, which is an essential growth factor for G vaginalis. Similarly, the flow of menstrual blood may impede adherence of Lactobacillus species giving BV-associated microbiota an advantage at the onset of menses. Other factors that influence shift in vaginal bacterial composition include hormonal contraceptives, condom use, and intrinsic factors (innate and adaptive immunity) among others. 66, 67 Use of contraceptive vaginal rings containing estrogen has also been shown to significantly lower concentrations of BV-associated bacteria G vaginalis and A vaginae while promoting lactobacilli colonization. 68 On the other hand, consistent condom use increases the abundance of L crispatus within the vaginal tract and a healthy Nugent score of 0e3 is more common in condom users than women who use intrauterine device for contraception. 66 
Sexual practices
Sexual intercourse and the use of lubricants are associated with rapid changes in vaginal microbiota and a higher incidence of BV. 69 Women who have multiple partners and sexual debut at an early age are more likely to have BV than women with a single partner and later sexual debut. 70 In addition, vaginal cleansing practices such as intravaginal cleansing have been associated with higher risk of BV and changes in composition of vaginal bacterial communities. 71, 72 Intravaginal cleaning with soap leads to alterations in the vaginal bacterial microbiota and BV. 73 Birse et al 74 reported that in a cohort of HIVnegative Kenyan women, those who practiced vaginal drying using a cloth or towel had vaginal microbiota characterized by increased bacterial diversity and lower abundances of Lactobacillus species than those who did not. In addition, douching with bactericidal agents is detrimental to vaginal health due to the depletion of bacterial species that are protective against urogenital pathogens.
Ethnicity/race
The composition of vaginal microbiome may also be influenced by genetic factors as evidenced by differences in bacterial 44 The vaginal microbiota can be inherited from mothers, 75 suggesting that race is a contributor to composition of the vaginal microbiota profile. Differences due to polymorphisms in immune responses such as reduced cytokine and chemokine secretion may lead to increased risk of BV. Interestingly, black women have more polymorphisms that affect IL-6 responses potentially making them more susceptible to BV due to their inability to respond to LPS. 76 Antibiotics Antibiotics such as metronidazole and clindamycin that are used in the syndromic management of BV have been shown to alter the vaginal microbiome profile although they do not necessarily lead to the establishment of a Lactobacillus-dominated microbiota. 15 Antibiotic-mediated dysbiosis has been shown to impair antiviral immunity at the vaginal mucosa. Upon depletion of commensal bacteria, the vaginal epithelium releases IL-33, which blocks migration of effector T cells to vaginal tissues, 14 thereby inhibiting production of interferon-gamma, a key antiviral cytokine.
STIs and vaginal microbiota
Approximately 70% of the reported HIV cases are in sub-Saharan Africa 11 and this region also has a considerable burden of other STIs including HSV-2, syphilis, and gonorrhea. Prevalence of gonorrhea, Chlamydia, and syphilis is higher among 15e to 24-year-old girls and women, yet BV and HSV-2 is higher among older women. 32 Acquisition of STIs and HIV likely depends on the composition of vaginal microbiota. Women with BV are twice as likely to acquire Chlamydia and trichomoniasis than women without BV 34 and there is a significant association between HSV-2 and BV. 28, 35, 36 This implies that vaginal microbiota plays a role in the establishment of infection, and probably modulates immune responses at the vaginal mucosa. Successful treatment of BV would most likely reduce the incident rate of STIs, particularly during pregnancy when both the mother and baby are at a higher risk of HIV infection.
Effect of microbiota on preexposure prophylaxis, microbicides Recent advances in antiretroviral therapy for HIV prevention include clinical trials on oral tenofovir (TFV)-based preexposure prophylaxis and 1% TFV gel. The efficacy of 1% TFV gel is lower among women with BV than among those women without BV, despite high adherence in both groups. 77 This has been attributed to the rapid metabolism of TFV by G vaginalis, a key constituent of the BV microbiota community thus hindering the local dissemination of the drug when applied locally. 78 This highlights the critical need to assess the impact of vaginal microbiota on the efficacy of novel microbicides such as the ring and film-based preexposure prophylaxis products. The dynamics of the vaginal microbiome, which are influenced by hormonal contraception use, pregnancy, menstrual cycle, and perimenopause, should be considered in the development of microbicides. Given that there is increased prevalence of BV in areas with high HIV incidence, there is need to reevaluate the role of microbiota in the success of locally applied microbicides.
Potential genital microbiota-based interventions to modulate host susceptibility to infection Despite rigorous efforts to determine the composition of the vaginal microbiome in various populations, the functions of the different bacterial communities and their interactions within the vaginal ecosystem are underexplored. There is still a gap in identifying the contribution of the specific bacterial species to host immunity and efficacy of preexposure and postexposure prophylaxis for HIV infections. In the treatment of BV, probiotics have been developed to provide the lactic-acid producing bacteria such as L acidophilus and L rhamnosus GR-1, which led to cure, restoration of normal microbiota, and reduced recurrence of BV. 79 Lactobacillus species can also be engineered to deliver drugs that are protective against STIs as has been evidenced in the successful delivery of cyanovirin-N, an HIV-1 inhibitor, to the mucosal surfaces of the genital tract in macaques. 80 Lactic acid, a metabolite of the Lactobacillus species, is an effective microbicide against HIV 58 and N gonorrhoeae. 81 Lactic acid modulates immune responses at the vaginal mucosa, eliciting an antiinflammatory response that lowers the risk of HIV acquisition. 57 Use of lactic acid gel, in combination with metronidazole, leads to increased lactobacilli colonization and reduces chances of BV recurrence. 82 It is therefore likely that in the right dosing, lactic acid can be used as a microbicide against HIV. Bacteriocins, hydrogen peroxide, and biosurfactants are all products of the resident vaginal bacteria with the potential to protect against sexually transmitted diseases.
Use of microbicides or probiotics has been greatly hindered by lack of validated dosing strategies, strain-specific effects, and issues of product stability. 83 Most studies that evaluate the potential of probiotics utilize small sample sizes so the effects may not be generalized to larger populations. Furthermore, there is need to consider the effect of genetic polymorphisms in immune response genes on efficacy of microbiota-based interventions; for example, the polymorphisms in IL-6 associated with lowered immune response to IL-1 and LPS is highly prevalent in black women. 84 Single nucleotide polymorphisms in toll-like receptors are linked to decreased cytokine and chemokine secretions. 76 Variations in vaginal microbiota composition within and between women make it almost impossible to have similar baseline characteristics that will guide development of microbiomebased interventions. Therefore, the success of a microbiota-based intervention would have to account for such specific physiological, social, and genetic differences.
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Conclusion Given the diversity of genital microbiome in sub-Saharan Africa populations, there could be untapped microbiome-based interventions to improve the stability of the female microbiome and reduce host susceptibility to genital infections including HIV. Such interventions should be tested to reduce the risk of STI acquisition in women, and also transmission of genital infections particularly from pregnant mothers to their unborn babies. In addition, there is a need to study the functional roles of the various bacterial species in relation to immunity and pathogenesis of STIs in well-characterized cohorts to inform effective treatment and prevention interventions.
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